This study measures the concentration of information and communication technology (ICT) infrastructure and expenditure inequality in the disaggregated spatial unit of various locations in Australia. Using survey data from the Household, Income and Labour Dynamics in Australia, a composite concentration index for ICT infrastructure is constructed for urban and rural households. In addition, the Gini coefficient of ICT expenditure is computed to measure the concentration of affordability of ICT services. Findings demonstrate that the concentrations of ICT infrastructure and affosrdability are profound in the Greater Sydney and Greater Melbourne areas. Nevertheless, results indicate that the remoteness of spatial units has a noteworthy impact on the concentration of ICT infrastructure. In addition, canonical correlation analysis reveals that the association between the concentration of ICT infrastructure and inequality in the affordability of ICT services is statistically significant. These findings imply that policy makers should employ a holistic approach that will not only include technological and economic considerations but also examine place-based context in designing an all-inclusive ICT policy.
Introduction
Access to information and communication technology (ICT) greatly differs among and within countries [1] . For example, approximately 49% of the world population still lacks Internet connection [1] . Several studies confirm the existence of a multi-layered divide in Australia involving the three interconnected dimensions of infrastructure, connectivity and digital engagement [2] [3] [4] . Specifically, the rural and remote parts of Australia remain at risk of digital disadvantage compared with major cities [4] . Such a difference contributes to the persistent underdevelopment of regional Australia. Following the mining investment boom, which witnessed strong economic growth in remote parts of the country, transitioning to a broad economic base is necessary [5] . A major obstacle to this transition, however, is the lack of sufficient ICT infrastructure.
Although the existence of a geographic digital divide is widely acknowledged, understanding of its precise nature is limited. Studies on the concentration of ICT at the disaggregated spatial unit of locations are scarce, especially those that take the Greater Capital City Area (GCCSA) as the spatial reference unit. In addition, existing studies insufficiently investigated the links among digital exclusion, affordability and remoteness. Given these limitations, an empirical study can assist in devising ICT infrastructure-related public policies not only for Australia but also for countries with similar economic, social and political contexts.
This study constructs a concentration index (CI) for ICT infrastructure in Australia and examines its connections to socio-demographic inequality, affordability and remoteness. This work provides further empirical traction on the digital divide in Australia. To achieve this research objective, we aim to answer three questions:
(i) Do ICT CIs vary among different spatial units? (ii) Is the concentration of ICT infrastructure associated with remoteness? (iii) Do concentration of ICT access and affordability of ICT services have any correlation at the household level?
Existing research has yet to capture the potential impacts of sociospatial heterogeneity and affordability of information and communication technology (ICT) services in measuring the concentration of ICT infrastructure. To the best of our knowledge, this study is the first attempt to measure the concentration of ICT infrastructure at the GCCA. This work makes several contributions to the literature. Firstly, this study uses three household ICT variables, namely, telephone and mobile phone access, Internet access and no ICT access, to comprehensively measure the concentration of ICT infrastructure. Using these variables, the study constructs a composite CI for ICT infrastructure, which is composed of the following: (i) location quotient (LQ), (ii) the Herfindahl-Hirschman modified (HHm) index and (iii) relative participation (RP). Secondly, this study examines whether the concentration of ICT infrastructure varies with remoteness. Thirdly, employing the canonical correlation analysis, the study explores the association between ICT access concentration and expenditure inequality, which has received limited attention in the empirical literature.
The remainder of the paper is structured as follows. Section 2 provides a critical review of the existing literature. Section 3 describes the data and methods used. Section 4 presents the results in detail. Section 5 discusses these results. Finally, Section 6 considers the policy implications, study limitations and future research directions.
Review of literature
A considerable amount of literature investigates the associations among digital concentration, socio-economic factors and socio-spatial locations. Many studies identify location as one of the major factors of digital inequality. For example, in China, citizens residing in urban areas (62.8%) are more than twice as likely to have Internet access than those who live in rural areas (28.8%) [6] . In another report, 82% of urban households in India have telephone access compared with 54% of rural households [7] . [8] argued that the disparity in Internet access widens across rural-urban countryside-city and highly accessible-remotely located areas.
As digital technologies are reported to yield substantial impacts on economies and societies, ICT statistics are receiving paramount attention from researchers [7] . These ICT statistics not only measure the digital divide within a given country or region [6, [9] [10] [11] [12] but also reflect international disparity in digital technology adoption and use by reporting the gap between countries [7, 13, 14] . For instance, ITU's ICT Development Index [7] measures the global digital divide across countries around the world, whereas [11] proposed an index to evaluate the development of ICT at the regional level in Spain. [15] found that socio-economic status and socio-spatial location are two major determinants of computer ownership and Internet access. According to the authors, the likelihood of having access to the Internet is positively associated with the ownership of material and the presence of intangible resources. Other studies find a similar positive association between digital inclusion and personal income level [7, 9, [15] [16] [17] ]. Another strand of empirical work investigated the association between digital inclusion and education level [7] [8] [9] 12, [15] [16] [17] . These studies report that the level of an individual's digital inclusion varies with the education level attained by such an individual [16] . carried out the most detailed study on measuring ICT access concentration to date. Using four types of classes, namely, computers and Internet access, mobile phones access, fixed phones access and no access, the authors found a substantial spatial disparity between the municipalities of the Amazon and other regions in terms of ICT infrastructure concentration at the household level. In addition, the results demonstrate that rural households are more likely to lack any kind of ICT service than urban households. Although this study meticulously uses the theoretical tools of spatial economics, it overlooks the affordability dimension in measuring the concentration of ICT services. However, affordability is reported to have a crucial impact on access to ICT services [7, 18] .
A number of studies investigate digital concentration with special reference to Australia. Several of these works report that digital divide in Australia is aggravated by a set of socio-economic and demographic factors, including income, education and employment status, to name a few [2, 4, 19, 20] . [21] provided evidence of spatial inequalities across and among local government areas of Sydney by using geo-cartographical maps. Recently [20] , have developed a digital inclusion index for eight states in Australia. They found that the rate of digital exclusion is high for socio-economic groups with low levels of income, education and employment. However, composite measures of the socioeconomic divide are required to comprehensively consider the link between digital inclusion and socio-economic status (see Section 3.1 for details). The study also reveals a significant disparity between rural and urban areas in terms of ICT access.
The study, however, has several methodological shortcomings. Firstly, the study vaguely establishes the theoretical basis for selecting the corresponding components for the three sub-indices, namely, access, affordability and digital ability. Secondly, 'headline variables' are computed by applying simple averages which can potentially yield biased and flawed index scores. Thirdly, whether any type of weighting has been applied to estimate the weight of sub-indices and headline variables remains unclear. Fourthly, although existing empirical works provide evidence that remoteness has a huge impact on ICT inclusion or concentration, the study fails to capture any variation in the digital inclusion pattern with regard to remoteness. Finally, many studies reveal that access to ICT goods and services is significantly associated with the affordability of corresponding ICT services [7, 18] . However, the current study remains unsuccessful in uncovering whether a significant association exists between digital inclusion and affordability in the context of Australia.
Evidently, a large and growing body of literature has investigated the association among digital concentration, socio-economic factors and socio-spatial locations. However, the extant studies fail to capture the potential impact of socio-spatial differences in the affordability of ICT services on measuring the ICT infrastructure concentration. One of the major concern is that affordability plays a pivotal role in ICT adoption; thus, it constitutes a central part in ICT development [7, 18, 20] . Previous studies also fail to demonstrate the link between the concentration of ICT and remoteness of spatial units. In addition, the constructed indexes to measure digital inclusion are based on a flawed methodological framework. The current study fills the research gap by incorporating the affordability dimension in constructing the CI for ICT infrastructure and investigating the association among ICT infrastructure concentration, affordability and remoteness.
Materials and methods

Study area and population
The broadest spatial unit used by the Australian Bureau of Statistics is the state/territory. Nine of these spatial units represent six states (New South Wales or NSW, Victoria, Queensland, South Australia, Western Australia and Tasmania), two major territories (Northern Territory and Australian Capital Territory) and an 'other territories' category, which consists of one small administrative territory and external territories [22] . The current study is based on the six states and two major territories, excluding the 'other territories' unit. In 2016, the proportion of populations residing on the eight states/territories were as follows: NSW -32.0%, Victoria -25.5%, Queensland -20.0, South Australia -7.1%, Western Australia -10.6%, Tasmania -2.1%, Northern Territory -1.0% and Australian Capital Territory -1.7% [23] . Each state and territory is divided into a 'greater capital city' and a 'rest of state region'. In total, 16 Greater Capital City Statistical Areas (GCCSA) encompass and demarcate the country, specifically, eight Greater Capital City Areas, seven 'rest of state' areas and 'other territories' area (for details, see Fig. 2 ). The Australian Capital Territory consists of only one statistical area because the greater capital city encompasses the entire territory. Statistical Area Level 4 (SA4s) is the building block of GCCSAs. In total, Australia comprises 87 SA4s [22] . According to recent statistics, 67.1% of the total population of Australia resides in GCCSAs, whilst the remaining 32.9% live in the remaining states/territories [24] . This study uses data from the Household, Income and Labour Dynamics in Australia (HILDA) Survey Restricted Release 16 [25] , which is a survey conducted on 10,837 households. ICT infrastructure (telephone and mobile phone access and Internet access) and expenditure (household expenditure, such as telephone rent, call and Internet charge) in urban and rural households are analysed in conjunction with the socio-economic status and demographic divide. In Australia, 89.8% of the total population of Australia lives in urban areas, whilst the remaining 10.2% reside in rural areas [23] . Unlike the study of [20] ; the current research uses Socio-economic Indexes for Areas (SEIFA) to measure the socio-economic advantage and disadvantage (SAD), economic resources (ER), education and occupation (E&O), remoteness and population size (POP) of the regions.
These composite indexes include a number of domains, e.g. household income, education, occupation, employment, housing and other indicators of SAD. These indexes can better measure the spatial socioeconomic divide compared with one of the domains in isolation [26] .
Sources of data
The HILDA Survey Restricted Release 16 is used as the source of ICT access and expenditure data at the household level in Australia. This restricted dataset is available upon request from the Department of Social Services. Data accumulation is conducted with respect to (i) the rural-urban decomposition of households, (ii) the existence of telephone and mobile access, (iii) the existence of the Internet, (iv) no ICT access 1 and (v) ICT expenditure. This study uses GCCSA as spatial reference units. The rationale behind selecting GCCSA as the reference unit is that it is the most appropriate disaggregated geographical unit available. According to the terms and conditions of the HILDA Restricted Release, reporting of study findings below this level is not permitted. The data on SAD, ER, E&O and POP are collected from the Census of Population and Housing on SEIFA [26] . Details on the candidate variables used to construct SEIFA can be found in a Technical Paper on SEIFA (2011) [26] . The data on the Accessibility/Remoteness Index of Australia (ARIA) are collected from the Australian Statistical Geography Standard Remoteness Structure [27] . These indicators are then classified into several categories using the ranges of values listed in Table 1 .
In each SEIFA index (i.e. SAD, ER and E&O), Australia as a whole is classified into 10 deciles. Deciles 1 and 10 indicate areas with the lowest and highest proportions of corresponding index scores, respectively. In this study, each of the two consecutive deciles is grouped as quintiles for the corresponding indexes. For example, SAD deciles 1 and 2 are grouped as SAD quintile 1. This procedure is reiterated for the remaining deciles and across all SEIFA indexes (i.e. ER and E&O). This study uses ARIA to classify entire Australia into five categories on the basis of the average ARIA index score (Table 1) . Finally, to classify the regions on the basis of size/populations, the benchmark range values for each class are computed using the statistical software package 'Stata 14', which applies three equal cut points for three groups, namely, small, medium and low. Table 1 reports the range of values for each group. Fig. 1 elaborates the approach undertaken in the study to analyse the concentration of ICT access and expenditure. This process comprises five steps as follows: (i) analysing the ICT infrastructure concentration in urban and rural households at the GCCSA and state levels; (ii) exploring the associations between ICT access status in urban and rural households with indicators for SAD, ER, E&O, remoteness and POP; (iii) analysing the ICT expenditure inequality in urban and rural households at the GCCSA and state levels 2 ; (iv) exploring the associations between ICT expenditure inequality in urban and rural households with indicators for SAD, ER, E&O and remoteness; and (v) assessing the association between ICT infrastructure concentration and expenditure inequality. In the first step, the CIs are computed and analysed according to the types of access (telephone and mobile phone, Internet, no ICT) and types of households (rural or urban) in order to identify the ICT infrastructure concentration. In the second step, the association between ICT infrastructure concentration and SAD, ER, E&O, remoteness and POP is investigated by cross-tabulating the ICT infrastructure index score with the SEIFA indexes, remoteness level and size of the spatial unit in terms of population.
Methods
Conceptual framework
Estimation strategy
Measuring the ICT infrastructure CI. In the analysis of ICT infrastructure concentration, six classes are defined for the type of access ( Table 2) . These classes determine the characteristics of households with respect to the type of household (urban or rural) and access type based on the three kinds of ICT access. Each access type is represented by separate indicators, namely, telephone and mobile phone, Internet and no ICT.
In sequence, a normalised CI is constructed to measure the concentration of ICT infrastructure in each class (telephone & mobile phone, Internet and no ICT) in each spatial unit analysed, i.e. GCCSAs and states. The CI is a composite index that is used to quantify local productive agglomerations. In this study, the methodology developed by [28] is used to calculate ICT infrastructure CI. Moreover, the concept of productive agglomeration is extended with reference to the spatial concentration of households according to the ownership of ICT assets (telephone & mobile phone and Internet). The ICT infrastructure CI comprises three sub-indexes as listed below.
i. LQ is an index that aims to determine whether a GCCSA has a particular specialisation in a specific class. The mathematical expression of LQ is outlined in Equation (1) as follows:
ii. HHm is a modification of the Herfindahl-Hirschman index developed by [28] to capture the weight of a class in GCCSA. This index is defined by Equation (2) as follows:
iii. RP measures the relative participation of the class in the GCCSA in relation to a region. Equation (3) mathematically expresses RP as follows:
where E ij is the occurrence of class i in GCCSA j, E j is the total occurrence in GCCSA j, E i is the occurrence of class i considering the entire region under study and E is the total occurrence considering all classes and entire region under study.
The three indexes can capture three aspects. LQ demonstrates the concentration of a particular class i in a GCCSA compared with that at the national level. HHm measures the weight of a particular class i in a GCCSA j at the national level compared with the weight of all classes of the GCCSA as the sum of all classes in the nation. RP indicates the importance of class i in a GCCSA in relation to the total of a corresponding class in the nation.
Based on these indexes, the ICT infrastructure CI can be expressed as 
where θ 1 , θ 2 and θ 3 denote the respective weights of each index for each class.
Principal component analysis (PCA) is used to compute the weights. For details on PCA, see [29] . The ICT infrastructure CI is calculated for each class i and each GCCSA j of Australia. The index scores of telephone and mobile phone, Internet and no ICT access of urban and rural households are then compared between each GCCSA and state. The index contains no maximum or minimum ranges. Therefore, GCCSAs and states with the highest CI scores are regarded as a highly concentrated region in terms of ICT access.
Furthermore, the RP scores of each GCCSA and state are represented in a systematic order to explore the associations among ICT infrastructure concentration, SAD, ER, E&O, remoteness and POP. RP is used to analyse the classes according to socio-economic, spatial and demographic indicators. The rationale for selecting RP is that it shows the percentage of participation, that is, it measures the contribution of a particular GCCSA j to class i.
Measuring inequality in ICT expenditure. In order to measure inequality in ICT expenditure in each GCCSA, the Gini coefficient for ICT expenditure at the household level for each GCCSA is computed. The Gini coefficient is the standard method in the field of economics research to measure inequality in income and wealth [30] . The Gini coefficient, formulated in 1912 by the Italian statistician and sociologist Corrado Gini [31] , is defined as the average of absolute differences between all pairs of individuals. The value of a Gini coefficient ranges between 0 (distribution of a particular variable is most even, i.e. no inequality) to 1 (distribution of that variable is most uneven, i.e. perfect inequality) [32] . In the present study, the Gini coefficient is used to measure inequality in ICT expenditure at the household level with the Jasso-Deaton formula [33, 34] as expressed in Equation (5):
where μ = mean ICT expenditure of the inhabitants of GCCSA j, P i = rank of person i in GCCSA j in terms of ICT expenditure, X i = annual ICT expenditure of person i and n = total number of persons living in GCCSA j.
To explore the associations among ICT expenditure inequality, SAD, ER, E&O and remoteness, the Gini coefficient scores of ICT expenditure for each GCCSA and state are organised using different tabulations. At the last stage, three maps (one each for telephone and mobile phone access CI, Internet access CI and ICT expenditure inequality) are produced to demonstrate the spatial distribution of ICT infrastructure CI and ICT expenditure Gini. The maps depict the concentrations of ICT Measuring the association between ICT infrastructure CI and ICT expenditure inequality. Finally, the canonical correlation analysis (CCA) is applied to explore the potential association between ICT infrastructure CI and ICT expenditure inequality. This analysis enables the investigation of the relationship between two sets of variables (vectors), which are all measured on the same identity [35] . The null hypothesis states that the two sets of variables are not linearly associated. If the test-static (F statistic) is statistically significant (approximately at the 10% level), then the null hypothesis can be rejected. The measures for ICT infrastructure concentration and expenditure inequality are associated with each other. Conversely, the null hypothesis cannot be rejected if test-static (F statistic) is statistically insignificant.
Results
ICT infrastructure concentration
Analysis of ICT infrastructure concentration
With regards telephone and mobile phones in urban households, the state of South Australia has the lowest percentage (99.3%) compared with the eight states and territories studied. For rural households, Queensland has the lowest percentage of households with telephones and mobile phones (99.7%) (see Table 3 ). Considering all households (urban and rural), South Australia stands last in terms of the percentage of households with telephone and mobile phone access (99.4%). For Internet access, Tasmania (89.6%) and Northern Territory (76.9%) rank last for urban and rural households, respectively. Considering all households (urban and rural), South Australia has the lowest percentage among all households with Internet access (89.2%). South Australia has the highest prevalence of households without any type of ICT access (0.7% for both urban and all households). These results primarily indicate that the probability of no ICT concentration is highest for households in South Australia compared with those in other parts of Australia. As evident from Table 3 , there exists an urban-rural divide between households in terms of Internet access. For example, in four states and territories, the proportion of households with Internet access is much higher in urban areas than that in rural areas (greater than 5%). The difference between urban and rural households in terms of Internet access is highest in the Northern Territory (10.6%).
Next, PCA is applied to calculate the weights of LQ, HHm and RP. Table 4 reports the weights for the three sub-indexes, namely, θ 1 , θ 2 and θ 3 . The table shows that for each type of household, HHm and RP account for approximately 35% of variations in CI for telephone and mobile phone access and Internet access, whilst LQ explains the remaining 30% of variation for these two types of ICT access. Conversely, for no ICT access, LQ, HHm and RP carry nearly equal weights (approximately 33% each) irrespective of household type (i.e. urban or rural).
The weights are used to calculate the CI for each GCCSA for each class analysed. Table 5 reports the CI scores for urban households. Panel A in Table 5 shows that Greater Melbourne has the highest CI scores for telephone and mobile phone (0.3661) and Internet (0.3702) access. Northern Territory has the lowest CI score (0.2906) for telephone and mobile phone access. For Internet access, the Rest of South Australia Evidently, as shown in Table 5 , the average CI score for no ICT access is highly positive in one case (Greater Adelaide) and negative in a number of other cases. This phenomenon can be explained using the mathematical expression outlined in Equation (2). As for a number of GCSSAs, the number of households with no ICT access is zero (E ij = 0), the quotient of the first part of the right-hand side of Equation (2) equals zero. Therefore, the entire output of HHm for those GCCSAs are negative and eventually yield negative CI scores. Following this line of reasoning, the average CI score is highly positive for one GCCSA. Panels A and B in Table 6 summarise the CI scores for rural households at the GCCSA and state levels, respectively. The Rest of NSW obtained the highest CI scores for telephone and mobile phone access (0.3973). The highest score for Internet access was obtained for Greater Melbourne (0.3702). Northern Territory has the lowest CI score (0.2906) for telephone and mobile phone access, whilst Greater Melbourne has the highest CI (0.3884) for Internet access. Among the eight states, the CI score for telephone and mobile phone access is highest in NSW (0.3570), whilst that for Internet access is highest in Victoria (0.3821). Among all GCCSAs, no ICT access concentration is most prevalent in rural households in the Rest of Queensland (2.3574). Exhibiting a similar trend at the state level, Queensland topped all states in terms of concentration of no ICT access (1.2246) after considering the sample of rural households. As shown in Table 5 , the average CI score for no ICT access is highly positive for one GCSSA (Rest of Queensland) and negative for a number of GCSSAs. Similar to the cases described in the preceding paragraph, this phenomenon can be explained through the mathematical properties of Equation (2). Table 7 provides the CI scores for all households (urban and rural).
As can be seen, the results are similar to the corresponding CI scores for urban households. Evidently, the following Table 8 presents the RP scores for telephone and mobile phone, Internet and no ICT access for urban and rural households. To better demonstrate the associations between socio-demographic indicators and ICT infrastructure concentration, the RP scores are represented systematically on the basis of four indicators, namely, (i) SEIFA index on SAD, (ii) SEIFA index on ER, (iii) SEIFA index on E&O and (iv) POP of the region. For the SAD index, the relative participation is highest in quintile 4 for telephone and mobile phone (27.6%) and Internet (30.0%) access. For no ICT access class, the prevalence is persistent in the lower quintiles, namely, quintiles 3 (32.1%) and 2 (24.3%). The results are almost identical when the RP scores are categorised along the quintiles that are arranged on the basis of the indexes of ER and E& O. Taking these results together, the concentration of ICT can be concluded to vary depending on socio-economic status, concentration of wealth and levels of education and skills. Specifically, the higher the levels of socio-economic status, wealth and education, the higher the prevalence of ICT infrastructure concentration. The larger-sized regions in terms of population have the highest relative participation rates for telephone and mobile phone (45.1%) and Internet (45.8%) access. Moreover, small and medium-sized GCCSAs comprise the majority of the proportion of households with no ICT access. Table 9 presents the RP scores in telephone and mobile, Internet and no ICT access according to remoteness structure. The results show that for each type of class (i.e. telephone and mobile phone, Internet and no ICT access), the RP is highest among the households located in major cities, whereas these scores appear to be lower for remote and very remote areas. These findings indicate that spatial distance from the civic service centres crucially affects households' RP in ICT, such that the higher the accessibility of households to the centres, the higher the RP in ICT services and vice versa. 
Associations among ICT infrastructure concentration, socio-economic divide and remoteness
ICT expenditure concentration
Analysis of ICT expenditure concentration
To measure the ICT expenditure concentration, the Gini coefficient is estimated using the household ICT expenditure data. Table 10 reports the results of the Gini coefficient in ICT expenditure for urban and rural households. At the GCCSA level, the incidence of inequality is highest in the Rest of NSW (0.5345) for urban households; the Gini coefficient of ICT expenditure for this GCSSA is much higher than the nationwide value of 0.4404. This result indicates that ICT expenditure in the Rest of NSW areas and the whole of Australia are mostly concentrated within 53.5% and 44.0% of the respondents, respectively. For rural and all households, the index score is highest for Greater Melbourne (0.5691 and 0.4987, respectively). At the state level, inequality in ICT is highest in NSW (0.5036) for urban household, whereas for rural and all households, Victoria has the highest prevalence of ICT expenditure inequality (see Fig. 5 ). Table 11 represents the associations between socio-demographic indicators and ICT expenditure inequality. The Gini coefficient for ICT expenditure is categorically represented based on two indicators, namely, SEIFA indexes on SAD and ER. The results show that ICT expenditure inequality is predominant in quintiles 3 and 4 for both indexes of SAD and ER. Table 12 lists the Gini coefficient for ICT expenditure according to remoteness structure. The results show that ICT expenditure inequality is most prevalent among households that are located in major cities (0.4783), indicating that ICT expenditure in major city areas is mostly concentrated among 47.8% of respondents. In other words, this high Gini index value indicates higher concentrations in ICT affordability, which eventually translate into higher inequality in terms of ICT expenditure. For very remote areas, the coefficient appears to be lower (0.3782), and such a lower level of concentration means lower inequality in ICT expenditure. These findings indicate the link between ICT expenditure inequality and state of the remoteness of households, such that the higher the accessibility of households to city centres, the higher the RP in ICT services and vice versa.
Association between ICT expenditure inequality, socio-economic divide and remoteness
Association between ICT infrastructure concentration and expenditure inequality
CCA is used to explore the association between ICT infrastructure concentration and expenditure inequality (Table 13 ). In this analysis, two sets of variables are used. Set 1 comprises ICT infrastructure concentration measures, i.e. CIs for telephone and mobile phone, Internet and no ICT access. Set 2 encompasses ICT expenditure inequality. For variable combination A, the canonical correlation coefficient and Wilks' statistic are 0.7028 and 0.0560, respectively. The corresponding F statistic is 2.9288, which is statistically significant at 10% level. For combination B, the canonical correlation coefficient is statistically significant at 5% level. Therefore, we can reject the null hypothesis that our two sets of variables are not linearly related. This finding indicates that ICT infrastructure concentration and expenditure inequality are statistically associated with each other.
Discussion
This study finds that the concentration of telephone and mobile and Internet access is higher in Greater Sydney and Greater Melbourne at the GCCSA level. Following this trend, Victoria and NSW secure the top spots in terms of ICT infrastructure concentration at the state level. These findings are consistent with those of [20] ; who reported that the two aforementioned states have the highest relevance of digital concentration in Australia. In turn, these results indicate that ICT RP in telephone and mobile, Internet and no ICT access according to remoteness.
Classification of regions
All households (urban and rural)
Telephone and mobile phone access
Internet access
No ICT access Major city 0.6711 0.6842 0.7500 Inner regional area 0.2159 0.2096 0.2083 Outer regional area 0.1008 0.0950 0.0417 Remote area 0.0101 0.0092 0.0000 Very remote area 0.0021 0.0020 0.0000
Note: Highest values are in bold. infrastructure is highly concentrated in the largest economic hubs of Australia, namely, the urban centres in Sydney and Melbourne. The reason behind this phenomenon is that economic activity in Australia is concentrated most heavily in the cities [36] . The concentration of highly productive business enterprises and proximity to suppliers, customers and partners are the main reasons behind the consolidation of major economic activities in Sydney and Melbourne [36] .
Aligning these numerical results with the entire population of Australia might aid in articulating the discussion of the results from a policy perspective. This comparative discussion can help identify those groups reaping benefits from the current distribution of ICT infrastructure. For all household classes, telephone and mobile phone access are highly concentrated in Rest of Victoria, which constitutes 6.0% of the total population (approximately 1.4 million people) [24] . The CI score for Internet access is highest in the Greater Melbourne region representing 19.5% of the total population (around 4.7 million people) [24] . No ICT access is most extensively concentrated in 5.5% of the population who are largely residing in the Greater Adelaide region [24] . In comparison, the CI scores for telephone and mobile phone access is lowest among 1.7% of people (0.4 million) living in the Australian Capital Territory [24] . For Internet access, 2.1% of the total population (0.5 million people belonging from Rest of Western Australia) have the lowest CI scores [24] . These figures indicate that digital exclusion is less prominent in Australian Capital Territory and the Rest of Western Australia region compared to that of the Rest of Victoria and Greater Melbourne regions.
Another important finding is that the degree of ICT infrastructure concentration varies with the level of income, educational qualification and employment status. This finding is in accordance with those of existing empirical studies [2, 12, [15] [16] [17] . Consistent with the literature, the current research finds that the digital divide broadens across rural-urban and regional-capital city households [6, 8, 20] . The findings of the current study extend those of [20] by representing ICT concentration with remoteness. Furthermore, the results of the current study indicate that ICT infrastructure concentration is predominant in households that are located in major cities compared with those in remote and very remote areas. Precisely, this study finds that about two-thirds of the respondents who reported having access to telephone and mobile phone as well as the Internet are located in major city areas. In turn, this implies that nearly about 17.3 million people (71.6% of the total population) reported demonstrating high concentration in terms of ICT access. These results are also consistent with existing empirical Note: Highest values are printed in bold.
Table 12
Average Gini coefficient for ICT expenditure according to remoteness.
Classification of regions All households (urban and rural)
Major city 0.4783 Inner regional area 0.4464 Outer regional area 0.4754 Remote area 0.4575 Very remote area 0.3782
Note: Highest values are printed in bold.
studies [8] , reinforcing the challenges faced by regional Australia during its transition to a broad-based economy as well as the geographic dimension of the digital divide [4, 5] . The current study also extends the empirical contribution of [20] by investigating the association between digital inclusion and affordability in the Australian context. The concentration patterns of ICT infrastructure and expenditure inequality are comparatively high in Victoria and NSW. Inequality in ICT expenditure is found to be prevalent in households that are located in major cities. Nonetheless, a significant association exists between ICT infrastructure concentration and expenditure inequality. Specifically, the concentration of ICT expenditure is predominant in areas where the concentration of ICT infrastructure is high, indicating that ICT expenditure is a notable catalyst in ICT development because it plays a substantial role in explaining the pattern of ICT infrastructure concentration. These results corroborate the claim of previous seminal studies [7, 18] .
Conclusion
This study measures the concentration of ICT infrastructure and examines its association with various indicators, including socio-demographic inequality, affordability and remoteness in Australia. Constructing a composite CI for ICT infrastructure, the study finds that ICT infrastructure is highly concentrated in large economic hubs in Australia, i.e. Sydney and Melbourne. The results for ICT expenditure inequality demonstrate a similar trend. Employing CCA, the study also finds that the association between ICT infrastructure concentration and ICT expenditure inequality are statistically significant.
This research offers several practical implications. Most importantly, the research provides a comprehensive picture of the digital divide in Australia. A crucial first step towards narrowing the digital divide is accurately mapping the geographic patterns of disadvantage and this study extends the existing knowledge in this area. For example, according to the findings of this study, ICT infrastructure concentration is predominant in major cities compared to those in remote and very remote areas. This knowledge can be used by policy makers to inform the prioritisation of spatial and regional development strategies for digital infrastructure as it provides a compact guideline regarding the location of people without access. Furthermore, all dimensions of the digital divide should be taken together in devising ICT policies. The interplay between the first layer of the digital divide (i.e. access) should be holistically analysed with the second layer of the digital divide (i.e. affordability and digital literacy). In this regard, the nationwide National Broadband Network (NBN) rollout plan has been playing a major role in delivering quality broadband service to all Australians. This study provides support for this initiative and, in particular, for the provision of reliable high-speed Internet to regional and remote areas. Following different scenarios of cost-benefit analysis of broadband provision projected by the independent panel of experts and NBN Co, the total costs of continued NBN roll-out using fibre to the premises across Australia is estimated at AU$32.7 billion for the period of 2019-2024 (Department of Communication and the Arts, 2014; NBN Co, 2013). According to these projections, by 2024 about 13.06 million premises across Australia would potentially benefit from this nationwide NBN roll-out (Department of Communication and the Arts, 2014). Moreover, to deal with the divide in ICT infrastructure in socio-economically disadvantaged areas, regional and remote areas should be provided with increased reliable high-speed Internet connections. If the demand and willingness among a particular regional or remote community are sufficient, then the federal government can contribute towards the establishment of fibreoptic network connections. In this regard, the government-owned NBN Co and major telecommunications providers, such as Telstra and Optus, should work with local governments to identify critical infrastructure priorities and challenges. Consulting with the Ministry of Communication and Arts and the Ministry of Finance to allocate budget to encourage technological as well as service, institutional and market innovations in the telecommunication sector to facilitate last-mile connectivity would also further the goal of regional ICT development.
Digital literacy is another important aspect of the digital divide. Improved ICT infrastructure will mean little to disadvantaged individuals in remote communities without the appropriate skills and knowledge. In some ways, this is a catch-22 situation. Without ICT access individuals have no reason to develop ICT skills, and without ICT skills the practical impact of ICT access will be weak. Therefore, digital literacy must be considered alongside efforts to increase access, such as the NBN. For example, the Department of Local Government and Communities and the Department of Training and Workforce Development can provide assistance to communities in targeting ICT training programmes for vulnerable and disadvantaged groups in regional Australia. In both rural and urban areas, the digital divide is intertwined with other dimensions of social exclusion. For this reason, digital inclusion policy makers should take the systemic approach of looking beyond technological and narrowly economic factors to consider place-based context. In this regard, NBN Co can gather local community input and advice on the network roll-out by considering local communities as reference groups.
In the development and delivery of ICT infrastructure, the private sector can contribute significantly by bringing new technologies, innovation, experience and efficiency as well as better management. The development of public-private partnerships (PPPs) is a key avenue for mobilising resources from the private sector in the delivery of digital infrastructure. In particular, in addition to measures taken by the government, private telecommunication service providers can also play a major role in enhancing and expanding connectivity in regional and rural area through the network infrastructure. In this regard, Optus-the second largest telecommunication service provider in Australia-has invested AU$6 billion in infrastructure development. In addition, they have built a number of towers across 1000 + regional towns and upgraded existing ones [37] . They have also committed to investing AU$1 billion to improve and expand mobile coverage in regional and remote sites across Western Australia, South Australia and the Northern Territory [37] . Coordination among different departments of government and private telecommunication service provider play a substantial role in ensuring equitable access to ICT infrastructure and services. For example, Telstra-the largest telecommunication service provider of Australia-has a Universal Service Obligation (USO) to warrant standard telephone services and payphones are reasonably accessible to all people in Australia on an equitable basis regardless of where they work or live. On behalf of the Australian Government, the Department of Communications and Arts administers Telstra's USO Performance Agreement [38] .
The current study also finds that a significant association exists between the digital divide and ICT expenditure inequality. As Table 13 Canonical correlation between ICT infrastructure concentration and expenditure inequality. CIs for telephone and mobile phone and Internet access ICT expenditure inequality 0.6977 0.5132 7.7437* Note: * and ** denote statistical significance at the 5 and 10% levels, respectively.
affordability is an important dimension of the digital divide, NBN co and the Department of Communications and Arts should work with various telecommunications companies in order to ensure that a range of technologies and services can be profitably provided in a way that is appropriate for all Australians. For example, issues of affordability are relevant to the choice between competing technologies in the NBN rollout, as the technologically superior solution of using fibreoptic technology in these premises may not be the best choice once the effect on the government budget and retail prices are taken into account [39, 40] . Competition policy is also highly relevant here, and the Australian Competition and Consumer Commission must look at competition not only at the national level, but also in specific regional communities that are more vulnerable to monopoly, and often less able to deal with the cost thereof, than thicker urban markets [41] . This study is not free from limitations. Firstly, to yield meaningful results, the construction and reporting of a concentration measure should be conducted at the most disaggregated geographical level. Many studies are conducted to measure the concentration of ICT up to a considerable level of disaggregated geographical units in the context of USA, Brazil and China [12, 16, 42] . For the current study, the construction of the ICT CI at the SA4 geographical levels is impossible due to the terms and conditions of using the HILDA Restricted Release database. Geographical mapping in terms of ICT concentration at a disaggregated spatial unit like SA4 would have rendered better insights for the policy makers. Given the circumstances, the provisions and clauses of data reporting should be more flexible and user-friendly. Secondly, the concentration measure estimated in the current study is a static one. In the future, a dynamic assessment of ICT concentration can be conducted to gain better insights into whether the concentration of ICT in a particular spatial unit has changed over time. Finally, this study measures the concentration of ICT in terms of access and affordability. Further research can be conducted by incorporating various service quality dimensions (e.g. speed of Internet connection, network coverage and call drops) in measuring the concentration of ICT services.
